Microtubule is a well-known structural protein participating in cell division, motility and 22 vesicle traffic. In this study, we found that β 2 -tubulin, one of the microtubule components, 23 plays an important role in regulating secondary metabolite deoxynivalenol (DON) 24 biosynthesis in Fusarium graminearum by interacting with isocitrate dehydrogenase 25 subunit 3 (IDH3). We found IDH3 negatively regulate DON biosynthesis by reducing 26 acetyl-CoA accumulation in F. graminearum and DON biosynthesis was stimulated by 27 exogenous acetyl-CoA. In addition, the expression of IDH3 significantly decreased in the 28 carbendazim-resistant mutant nt167 (Fgβ 2 F167Y ). Furthermore, we found that 29 carbendazim-resistance associated β 2 -tubulin substitutions reducing the interaction 30 intensity between β 2 -tubulin and IDH3. Interestingly, we demonstrated that β 2 -tubulin 31 inhibitor carbendazim can disrupt the interaction between β 2 -tubulin and IDH3. The 32 decreased interaction intensity between β 2 -tubulin and IDH3 resulted in the decreased 33 expression of IDH3, which can cause the accumulation of acetyl-CoA, precursor of DON 34 biosynthesis in F. graminearum. Thus, we revealed that carbendazim-resistance 35 associated β 2 -tubulin substitutions or carbendazim treatment increases DON biosynthesis 36 by reducing the interaction between β 2 -tubulin and IDH3 in F. graminearum. Taken 37 together, the novel findings give the new perspectives of β 2 -tubulin in regulating 38 secondary metabolism in phytopathogenic fungi. 39 40 Author Summary 3 41
Introduction
Fusarium head blight (FHB) caused by the filamentous fungus Fusarium graminearum 55 is a devastating fungal disease in wheat and other small grain cereals all over the world 56 [1] . The disease can not only lead to loss in yield and quality, but also a severe threat to 57 human and animal health due to the mycotoxins in infested grains [1, 2] . Among the 58 various mycotoxins found in small grains, deoxynivalenol (DON) has been shown to be 59 the most common mycotoxin contaminant associated with FHB [1] . In addition, as a 60 potent inhibitor of protein synthesis, DON is carcinogenic to man and mammals [3, 4] . In 61 the past decades, all the TRI genes involved in trichothecene biosynthesis have been 4 62 well-characterized [1, 5] . In F. graminearum, trichothecenes are synthesized from 63 farnesyl pyrophosphate (FPP), which is synthesized via the isoprenoid biosynthetic 64 pathway [6] . Mevalonate, the key intermediate of this the pathway, is produced from 65 three acetyl-CoA molecules. As a central molecule in cell metabolism, acetyl-CoA can be 66 generated in the mitochondrial matrix, cytosol and peroxisome [7] . The research findings 67 in metabolic engineering indicated that by modulation the production and consumption 68 pathway of intracellular acetyl-CoA can directly increase the production of secondary 69 metabolites, which showed that the production of acetyl-CoA is important for secondary 70 metabolism [8-10]. 71 As a key molecule, acetyl-CoA is predominantly generated by the tricarboxylic acid 72 (TCA) cycle in the mitochondrial matrix [7] . In addition, isocitrate dehydrogenase (IDH) 73 is one of the regulatory enzymes of the TCA cycle [11, 12] . The researches of IDH 74 focused on both eukaryotes and prokaryotes. Despite the fact that this enzyme converts 75 isocitrate to 2-oxoglutarate and supports the TCA cycle, it is divided divide into cytosolic 76 type and mitochondrial type in all eukaryotic organisms [11] . In HepG2 cells, silencing 77 of cytosolic IDH1 increases cell vulnerability by damaging the cellular redox status [13] . 78 A similar phenomenon was also observed in melanoma cells and mice [14, 15] . In 79 Aspergillus niger WU-2223L, over-expression of mitochondrial icdA significantly 80 decreased citric acid production [16] . 81 Currently, several strategies have been developed to control this disease as well as 82 reduce mycotoxin contamination in grains, of which chemical control is the major 5 83 approach for controlling FHB. In China, carbendazim and other benzimidazole fungicides 84 have been widely used to control the disease [17] . However, the emergence of resistant 85 pathogen populations in the field has made carbendazim less effective since the 1990s 86 [18]. Our previous researches showed that the amino acid substitutions of β 2 -tubulin at 87 codons 167, 198 or 200 are responsible for carbendazim resistance and the substitution at 88 codon 167 is dominant, occupying more than 90% [19] [20] [21] . Furthermore, carbendazim 89 resistance is positively correlated with the DON biosynthesis ability of F. graminearum The aim of the present was to reveal the underlying molecular mechanism of 105 carbendazim-resistance associated β 2 -tubulin substitutions in increasing of DON 106 biosynthesis. The results showed that carbendazim-resistant substitutions in β 2 -tubulin 107 could reduce the expression of IDH3 (a subunit of the regulatory enzyme in the TCA 108 cycle) by reducing the binding between β 2 -tubulin and IDH3, causing the accumulation 109 of cytosolic acetyl-CoA and then accelerating DON biosynthesis in F. graminearum.
111

Results
112
Substitution of β 2 -tubulin conferring carbendazim resistance decreases isocitrate 113 dehydrogenase expression in F. graminearum. 114 Our previous studies suggested that the substitution of β 2 -tubulin F167Y, conferring 115 carbendazim resistance, exhibited significantly increased DON biosynthesis [22] . To 116 elaborate the phenomenon, we analyzed the transcriptome difference between the 117 wild-type strain 2021 and the F167Y mutant nt167. The results revealed that the F167Y 118 substitution of β 2 -tubulin had a global effect on various pathways, including primary and 119 secondary metabolism as compared with the wild-type strain 2021 (our unpublished data). 120 In addition, qRT-PCR demonstrated that the transcriptional level of isocitrate 121 dehydrogenase, a regulatory enzyme involved in the TCA cycle, dramatically decreased 122 in nt167 ( Fig 1A) . Furthermore, we compared the intracellular acetyl-CoA production, 123 which is metabolized in the TCA cycle, between 2021 and nt167. The results showed that 124 the intracellular acetyl-CoA increased by 15% in nt167 as compared with 2021 ( Fig 1B) . 7 
125
Our findings also showed that more bulbous structures were observed in nt167 in 126 comparison to 2021 ( Fig 1C) , which are associated with DON biosynthesis in F. 127 graminearum [28, 29] .
128
Exogenous acetyl-CoA stimulates DON biosynthesis in F. graminearum. 129 Previous studies reported that the concentration of acetyl-CoA is positively related to 130 DON biosynthesis in F. graminearum, but the effect of exogenous acetyl-CoA on DON 131 biosynthesis remain unknown [30] . In our study, the wild-type strain 2021 was treated 132 with 1, 2, 4 or 8 μg/ml acetyl-CoA after incubation for 3 days in GYEP and assayed for 133 DON production after incubation for another 4 days. The results showed that DON 134 biosynthesis significantly increased in cultures treated with 8 μg/ml acetyl-CoA in 2021 135 ( Fig 1D) . When assayed by qRT-PCR, the expression of Tri5 significantly increased in 136 cultures treated with 8 μg/ml acetyl-CoA in 2021 ( Fig 1E) . In addition, when cultures 137 were treated with 8 μg/ml acetyl-CoA, more abundant bulbous structures were observed 138 compared to the control group ( Fig 1F) . Moreover, the Fghxk deletion mutant ∆Fghxk, 139 recorded similar results after treatment with exogenous acetyl-CoA (S1 Fig) . An earlier 140 study demonstrated that TRI genes transcription was significantly observed in GYEP, 141 after incubation for 3 days [22] . Our findings showed that exogenous acetyl-CoA did not There are two types of IDHs in a eukaryotic cell: 1) mitochondrial type and 2) 148 cytosolic type [11] . Although these enzymes catalyze the same reaction, we hypothesize 149 that there is functional differentiation between both types of enzymes. To gain a deeper 150 insight into IDH functional differentiation in fungi, we conducted a phylogenetic analysis 151 of three IDH enzymes, which were contained in nine of the most common 152 phytopathogenic fungi, including F. graminearum. The results showed that the IDH 153 enzymes are significantly divided into three groups (Fig 2A) . The phylogenetic tree Table) . Hyphal morphology did not differ 175 between the FgIDH deletion mutants and 2021 (S6 Fig) . 176 When assayed with GYEP cultures, an increase was found in DON biosynthesis by 177 over 3.7-and 5.6-folds in ∆FgIDH2 and ∆FgIDH3, respectively ( Fig 3C) . In addition,
178
Tri5 expression in ∆FgIDH2 and ∆FgIDH3 was increased by 2.6-and 2.0-folds in 179 comparison to 2021, respectively ( Fig 3D) . These data suggested that FgIDH2 and 180 FgIDH3 but not FgIDH1 play more important but negative roles in the regulation of 181 DON biosynthesis. Furthermore, we assayed DON production with wheat grains. Similar 182 results were obtained with GYEP cultures, DON production was 3.4-and 4.4-folds 183 higher in wheat grains of ∆FgIDH2 and ∆FgIDH3 than those of 2021, respectively (S3 184   Table) . We further determined acetyl-CoA and pyruvic acid production in each mutant. 185 As expected, the acetyl-CoA production increased by a factor of 18.2, 29.7 and 37.7% in 10 186 ∆FgIDH1, ∆FgIDH2 and ∆FgIDH3 compared to 2021, respectively ( Fig 3E) . Similarly, 187 pyruvic acid production was 1.4-, 2.7-and 2.7-folds higher in comparison with 2021, 188 respectively ( Fig 3F) . 189 When assayed for FgIDH3 expression in YEPD and GYEP cultures, we found that the 190 translational level of FgIDH3 was down-regulated under DON-producing conditions, 191 which are consistent with its role in DON regulation ( Fig 3G) . After being incubated in 192 GYEP cultures for 3 days, swollen hyphal structures were rarely observed in 2021, but 193 abundant swollen hyphal structures were found in ∆FgIDH2 and ∆FgIDH3 ( Fig 3B) . 194 These phenomena are consistent with the significantly increased DON biosynthesis in 195 each mutant. 196 Taken together, these results indicated that FgIDH2 and FgIDH3 play a major role in 197 regulating DON biosynthesis by increasing the intracellular production of acetyl-CoA. 198 More importantly, these phenomena from our genetic manipulations are consistent with 199 the metabolic change of nt167, which resulted from the F167Y mutation of β 2 -tubulin. Tri5 expression in comparison to the wild-type strain 2021. Furthermore, we determined 210 the intracellular production of acetyl-CoA and pyruvic acid in these mutants. As expected, 211 there was an increase in acetyl-CoA production in all the carbendazim-resistant strains in 212 comparison to 2021, as well as pyruvic acid production. However, there was no observed 213 difference of acetyl-CoA and pyruvic acid production between non-carbendazim-resistant 214 strains and 2021 ( Fig 4C and 4D ). In summary, the substitutions of β 2 -tubulin conferring 215 carbendazim-resistance resulted in increased DON biosynthesis in F. graminearum.
216
Carbendazim-resistant substitutions reduce the interaction between β 2 -tubulin and 217
FgIDH3. 218 Because β 2 -tubulin is an important skelemin in F. graminearum [32, 33] , it must 219 interact with multiple proteins and regulate their functions. Therefore, we conducted an 220 affinity capture-mass spectrometry (ACMS) assay for β 2 -tubulin to identify novel 221 interacting proteins. In brief, the total protein was isolated from the wild-type strain 2021 222 and co-purified with magnetic beads which bound anti-β 2 antibody. After incubation, the 223 bound protein was analyzed by mass spectrometry. The β 2 -tubulin deletion mutant ∆Fgβ 2 224 was used as a negative control. The results showed that IDH3 interacted with β 2 -tubulin. 225 The interactions of β 2 -tubulin with IDH3 was further confirmed by 226 co-immunoprecipitation assays and bimolecular fluorescence complementation (BiFC) 227 assays ( Fig 5A and 5B ). In addition, we found that most of the FgIDH3-GFP signals 12 228 merged well with Fgβ 2 -RFP ( Fig 5C and 5D ). Furthermore, we observed that the F167Y 229 mutation of β 2 -tubulin reduced the interaction between β 2 -tubulin and IDH3 ( Fig 5A) . 230 Given that increased DON biosynthesis and acetyl-CoA concentration correlate with 231 carbendazim-resistant substitutions of β 2 -tubulin, we further measured the expression of 232 IDH3 in each carbendazim-resistant mutant. The results showed that the expression of 233 IDH3 in transcriptional and translational levels significantly decreased as compared with 234 the wild-type strain 2021 ( Fig 6A and 6B ). Since the F167Y mutation of β 2 -tubulin 235 reduces the interaction between β 2 -tubulin and IDH3, a similar phenomenon might exist 236 in other types of carbendazim-resistant mutants. In order to test this hypothesis, we 237 tagged FgIDH3 with GFP in Fgβ 2 E198Q , Fgβ 2 E198L , Fgβ 2 E198K and Fgβ 2 F200Y mutants to 238 determine the interaction intensity between β 2 -tubulin and IDH3. As expected, the 239 interaction intensity exhibited a significant decrease in the tested carbendazim-resistant 240 mutants ( Fig 6C) . In addition, we measured the concentrations of citric acid, the upstream 241 substrate of IDH3. Results showed that the production of citric acid significantly the role of carbendazim in regulating DON biosynthesis, we treated the wild-type strain 261 2021 and the β 2 -tubulin mutants (Fgβ 2 E167Y , Fgβ 2 E198K and Fgβ 2 F200Y ) with carbendazim. 262 Briefly, each strain was grown in GYEP medium for 24 h before carbendazim 263 (approximately the EC 50 of each strain) was added. After incubation for another 48 h, the 264 expression of IDH3 and the interaction intensity between β 2 -tubulin and IDH3 were 265 measured. As indicated, in each strain, the interaction intensity between β 2 -tubulin and 266 IDH3 significantly decreased after treatment with carbendazim in each strain ( Fig 7E-7H , 267 7J). Additionally, western blotting assays showed that the translational level of IDH3 also 268 significantly decreased after treatment with carbendazim ( Fig 7I) . In addition, the as FgIDH1, FgIDH2 and FgIDH3 (Fig 1A) . In addition, we found that intracellular 15 290 acetyl-CoA significantly increased in nt167. In order to understand the molecular 291 mechanism behind the increased DON biosynthesis in F. graminearum, we conducted an 292 affinity capture-mass spectrometry (ACMS) assay for β 2 -tubulin, so as to identify novel In this study, we revealed that DON biosynthesis was induced by exogenous acetyl-CoA. 303 The results showed that DON production and TRI5 expression in the wild-type 2021 304 significantly increased after treatment with 8 μg/ml acetyl-CoA (Fig 1D and 1E) . 
Materials and Methods
399
Strains and culture conditions 400 The F. graminearum carbendazim-sensitive strain 2021 was used as a wild-type strain. 401 Growth rate and colony morphology assays of the strains generated in this research were 402 grown on potato dextrose agar (PDA). The Mung bean broth (MBB) was used for conidia 403 culture as described previously [54] . For DON production analysis and bulbous structures 404 observation, all strains were grown in GYEP medium at 28°C in dark.
405
Strain construction 406 All gene deletion mutants were constructed using the protocols described previously 407 [54] . The open reading frame (ORF) of each gene was replaced with HPH-HSV-tk, the 408 transformants were identified by PCR assays and confirmed by Southern blot analysis. 409 To construct FgIDH3-GFP cassette, FgIDH3 containing the native promoter region 410 and ORF (excluding the stop codon) was amplified. Then the PCR product was 411 co-transformed with XhoI-digested pYF11 into the yeast strain XK1-25 as described [55] . 412 Subsequently, the FgIDH3-GFP fusion vector was recovered from the yeast transformant 413 by using the Yeast Plasmid Kit (Solarbio, Beijing, China) and then transferred into E. coli 414 strain DH5α for amplification. With the similar strategy, other GFP fusion cassettes were 415 also constructed. Each plasmid was transformed into the wild-type strain 2021. 21 
416
Western blotting assays 417 Each tested strain was incubated in YEPD at 25°C for 2 days, then mycelia was The wild-type strain 2021 was used for protein extraction as described previously [58] . 433 After protein extraction, supernatant was transferred into a sterilized tube. The affinity 434 capture was conducted as described. First, 50 μl magnetize beads (Bio-Rad Co., 
